OBJECTIVE -Connective tissue growth factor (CTGF) is strongly upregulated in fibrotic disorders and has been hypothesized to play a role in the development and progression of diabetes complications. The aim of the present study was to investigate the possible association of plasma CTGF levels in type 1 diabetic patients with markers relevant to development of diabetes complications.
D
iabetic patients frequently develop severe chronic complications like cardiovascular disease, nephropathy, neuropathy, and retinopathy. Characteristics of these complications are macro-and microvascular damage, extracellular matrix (ECM) accumulation, and eventually chronic fibrosis. It has been shown (1-4) that growth factors play an important role in the development of these diabetes complications. One of the important growth factors involved in ECM accumulation and fibrotic processes is transforming growth factor (TGF)-␤ (1). In both type 1 and type 2 diabetes, plasma levels of TGF-␤ were correlated with the presence of diabetes complications (5, 6) .
Connective tissue growth factor (CTGF) is another important growth factor implicated in the development of diabetes complications. CTGF is a 38-kDa, cystein-rich secreted protein that was originally cloned from human umbilical vein endothelial cells (7) . Strong CTGF expression has been reported (8, 9) in atherosclerotic aorta and in renal mesangial cells cultured in high-glucose medium. CTGF was also shown (10 -12) to be strongly expressed in glomeruli of diabetic patients and animals with nephropathy. Similarly, the magnitude of urinary CTGF excretion was related to the severity of diabetic nephropathy (DN) in a cross-sectional study (13) of patients with type 1 diabetes. Both high glucose concentrations and advanced glycation end products (AGEs) are able to induce ECM production via CTGF (9, 14) . CTGF itself can act as a downstream mediator of TGF-␤ in ECM synthesis, but TGF-␤-independent regulation of CTGF has also been reported (9, 15) . Therefore, the analysis of CTGF plasma levels of diabetic patients might provide important additional information about the involvement of this growth factor in the development of diabetes complications. Different fragments of the CTGF protein have been detected in vitro and in vivo, and at least some of these have biological activity. The CTGF molecule, which consists of four modules, is mostly cleaved between modules II and III, yielding fragments of 16 -20 kDa, but smaller fragments have also been identified (16, 17) . The relative contribution to fibrotic processes of full-length compared with fragmented CTGF remains to be established.
The aim of the present study was to investigate the possible association of plasma CTGF levels in 62 well-characterized type 1 diabetic patients with DN and diabetic retinopathy as well as with general patient characteristics and other markers relevant to the development of diabetes complications, i.e., glycemic control, endothelial activation, and platelet activation (2,18 -20) .
RESEARCH DESIGN AND
METHODS -For the present study, we analyzed plasma samples obtained from 62 well-characterized patients with type 1 diabetes and 21 healthy control subjects. All gave their informed consent before participation in the study. The study protocol has been approved by the local ethics committee/institutional board and was conducted according to the principles of the Declaration of Helsinki. After an overnight fast and abstaining from vigorous physical activity during the previous 24 h, patients and control subjects presented at the outpatient clinic between 8:00 and 10:00 A.M., bringing their 24-h urine. Demographic and relevant medical history data were recorded, including age, sex, duration of diabetes, insulin dose, comorbidity, medication, and smoking habits. Blood pressure was measured with a sphygmomanometer in the sitting position; the median of three successive measurements was noted. Height and weight were measured to determine BMI. Retinopathy was scored by a single experienced ophthalmologist by fundoscopic examination and examination of the clinical charts.
Blood was collected by puncture of an antebrachial vein using sodium heparin, citrate, or PECT as anticoagulants, dependent on the assay. PECT medium (400 l/4.5 ml polypropylene tube), used to prevent ex vivo platelet activation, is composed of equal volumes of solutions A, B, and C, in which A ϭ 282 nmol/l prostaglandin E 1 and 1.9 mmol/l Na 2 CO 3 , B ϭ 30 mmol/l theophylline in PBS, and C ϭ 270 mmol/l EDTA. To further avoid artificial platelet and leukocyte activation, blood samples were immediately cooled on ice and platelets were depleted by centrifuging the samples for 60 min at 4,000g and 4°C within 1 h after collection. All plasma samples were stored at Ϫ70°C until analysis.
Measurement of markers for glycemic control and nephropathy
Concentrations of HbA 1c were determined in citrate plasma by means of highperformance liquid chromatography. Plasma creatinine concentrations were determined by automated spectrophotometrical assay using Creatinine-PAP (peroxidase-antiperoxidase). In 24-h urine samples, creatinine was measured using the Jaffé method, albumin was determined with an immunonephelometric assay, and renal creatinine clearance was calculated from these data.
Measurement of markers for platelet and endothelial activation Von Willebrand factor (vWF) antigen was determined by sandwich enzyme-linked immunosorbent assay (ELISA) using rabbit anti-human vWF as "capture" antibody and horseradish peroxidaseconjugated rabbit anti-human vWF as "detecting" antibody (Dakopatts, Glostrup, Denmark). ␤-Thromboglobulin, a marker for in vivo platelet activation, and platelet factor 4, a marker for ex vivo platelet activation, were determined in platelet-depleted PECT plasma by means of sandwich ELISAs according to the manufacturer's instructions (Asserachrom; Diagnostica Stago) (21) .
ELISAs for plasma CTGF (NH 2 -terminal and full length) and TGF-␤ Plasma content of full-length and Nterminal fragments (CTGF-N) of CTGF were determined by means of two separate sandwich ELISAs, each using two distinct monoclonal antibodies against human CTGF (FibroGen, South San Francisco, CA). Microtiter plates were coated overnight at 4°C with capture antibody and blocked with BSA. Citrate plasma was diluted 5-or 10-fold in assay buffer, and a 50-l diluted sample was added to each well together with 50 l biotinylated CTGF detection antibody. After incubation for 2 h at 37°C followed by incubation with streptavidinconjugated alkaline phosphatase for 1 h at room temperature, plates were washed and 100 l of substrate solution containing p-nitrophenyl phosphate was added to each well. After 20 min of color development, absorbance was read at 405 nm. Purified recombinant human CTGF (FibroGen) was used for calibration. Both monoclonal antibodies used in the CTGF-N sandwich ELISA specifically bind distinct epitopes on the N-terminal half of the CTGF protein. This assay detects both CTGF-N as well as the fulllength CTGF protein. In the full-length CTGF ELISA, the capture antibody binds the COOH-terminal part of the CTGF protein, whereas the detecting antibody (the same as in the CTGF-N ELISA) binds the NH 2 -terminal part of the CTGF protein. To avoid confusion due to differences in the molecular weight of fulllength and different fragments of CTGF, all levels were expressed as picomoles per liter. The detection limit of these assays was 4 pmol/l for CTGF-N and 8 pmol/l for full-length CTGF, and intra-and interassay variations were 6 and 20%, respectively.
TGF-␤1 was determined in PECT plasma by means of sandwich ELISA according to the manufacturer's protocol (R&D Systems, Minneapolis, MN).
Statistical analysis
Data are expressed as mean Ϯ SD. MannWhitney analysis and Kruskal-Wallis analysis followed by Dunn's method were performed to determine differences in plasma CTGF-N levels between groups. Forward stepwise regression analysis was used to compare CTGF-N levels with general patient characteristics, glycemic control, endothelial activation, platelet activation, albuminuria, and creatinine clearance. Because data were not normally distributed, Spearman's correlations were calculated between CTGF-N levels and HbA 1c , albuminuria, and TGF-␤1 levels. In all cases, P Ͻ 0.05 was considered significant.
RESULTS
Plasma CTGF-N level is elevated in DN Levels of full-length CTGF were below the sensitivity limit of our sandwich ELISA in all control as well as diabetic plasma samples tested, although fulllength recombinant CTGF was readily detectable if spiked in these plasma samples. This means that these plasma samples contained Ͻ80 pmol/l of full-length CTGF (not shown). In contrast, CTGF-N was readily detectable in the majority of these same plasma samples. No significant difference was found in CTGF-N levels between control subjects and the total group of diabetic patients, but the variation was much larger among samples from diabetic patients (138 Ϯ 136 pmol/l in diabetic patients vs. 103 Ϯ 51 pmol/l in control subjects) (Fig. 1A) . Patients were divided into subgroups according to the level of albuminuria, i.e., normoalbuminuria (Ͻ30 mg/day), microalbuminuria (30 -300 mg/day), and overt proteinuria (i.e., DN, Ͼ300 mg/day). This revealed significant differences in plasma CTGF-N levels between DN patients and control subjects and between DN and normoalbuminuric patients (Fig. 1B) . Furthermore, a very wide variation in plasma CTGF-N levels was noted within the subgroup of microalbuminuric patients (203 Ϯ 203 pmol/l).
Plasma CTGF-N level correlates with HbA 1c
General patient characteristics and markers of glycemic control, endothelial activation, platelet activation, and nephropathy of healthy subjects and normoalbuminuric, microalbuminuric, and DN diabetic patients are summarized in Table 1 .
HbA 1c levels in the diabetic patients correlated, albeit only weakly, with plasma CTGF-N (R ϭ 0.355, P ϭ 0.005) (Fig. 1C) . This is in line with induction of CTGF expression by high ambient glucose and AGEs observed previously in vitro (9, 14) . No significant correlation between plasma CTGF-N and HbA 1c was found within any of the subgroups. This might be due to the relatively small numbers of microalbuminuric and DN patients.
Plasma CTGF-N correlates with albuminuria and creatinine clearance Forward stepwise regression analysis showed that albuminuria, creatinine clearance, and duration of diabetes are independent predictors of plasma CTGF-N level. Plasma CTGF-N most strongly correlated with albuminuria (R ϭ 0.572, P Ͻ 0.001) (Fig. 1D) , whereas albuminuria and creatinine clearance together yielded a cumulative R of 0.667, with P Ͻ 0.001. Correlation of CTGF-N with albuminuria, creatinine clearance, and duration of the diabetes together resulted in a cumulative R of 0.759, with a P ϭ 0.001. Addition of further parameters did not significantly contribute to this correlation. Within the group of DN patients, the plasma CTGF-N levels showed a tendency to correlate with albuminuria, but this was not statistically significant (n ϭ 10, R ϭ 0.553, P ϭ 0.097). When, instead of plasma CTGF-N level, albuminuria or creatinine clearance was taken as a dependent variable in the forward stepwise regression analysis of this dataset, plasma CTGF-N level was identified as the strongest independent predictor (R ϭ 0.572 and 0.514, respectively). It thus appears that plasma CTGF-N levels are correlated with markers for nephropathy.
Plasma TGF-␤1 levels Since TGF-␤1, unlike CTGF (F.A.V.N., P.R., unpublished observations) is abundant in platelets and released during platelet activation, reliable estimates of "in vivo" plasma TGF-␤1 levels can be obtained only in the absence of significant ex vivo platelet activation (i.e., platelet factor 4 Ͻ10 units/l). Despite careful plasma collection and processing, only 21 diabetic and 5 control samples met this criterion. In these 26 samples, TGF-␤1 levels did correlate with CTGF-N levels (R ϭ 0.671, P Ͻ 0.001), but no significant difference in plasma TGF-␤1 levels was observed between healthy subjects and diabetic patients. Within the group of 21 diabetic patients, TGF-␤1 correlated with HbA 1c (R ϭ 0.477, P ϭ 0.029). This is stronger than the correlation between plasma CTGF-N and HbA 1c .
In subgroups defined by degree of albuminuria, no significant difference was found between TGF-␤1 levels, although there seemed to be a trend to higher levels in patients with DN as compared with diabetic patients without DN (P ϭ 0.114) (data not shown). Due to small numbers, it was not possible to include TGF-␤1 as a parameter in forward stepwise regression analysis.
Plasma CTGF-N levels in patients with retinopathy Diabetic retinopathy is almost invariably present in patients with DN. Plasma CTGF-N levels appeared to be significantly elevated in patients with retinopathy compared with those without retinopathy (P Ͻ 0.001) (Fig. 1E) . However, of the 17 patients with diabetic retinopathy who had Ͼ180 pmol/l of CTGF-N in their plasma (upper limit of normal control subjects), only 4 were normoalbuminuric, whereas 4 of the remaining 13 were microalbuminuric and 9 proteinuric (i.e., had DN). Plasma CTGF-N levels of normoalbuminuric patients with retinopathy (n ϭ 23) were not different from those of normoalbuminuric patients without retinopathy (n ϭ 17).
CONCLUSIONS -C h a n g e s i n growth factor balance are important in the development of chronic complications of diabetes. In this study, we observed that plasma CTGF-N levels are significantly elevated in patients with DN and correlated with markers for DN and glycemic control. Full-length CTGF levels were below the detection limit of our ELISA in all diabetic and normal plasma samples tested. This absence of detectable full-length CTGF in plasma might be related to technical limitations (sensitivity of the fulllength ELISA) or to its clearance via COOH-terminal interaction with matrix components and (scavenging) receptors and to proteolysis, e.g., by matrix metalloproteases, plasmin, and elastase, which have all been reported to cleave CTGF (16) .
It has been reported (10 -13,22) that CTGF mRNA and protein levels are significantly increased in kidney tissue and urine of patients as well as experimental animals with DN. Adler et al. (23) found equally elevated CTGF mRNA levels in glomeruli of microalbuminuric (n ϭ 5) and DN (n ϭ 6) diabetic patients. We now add to this notion that CTGF-N levels are elevated in plasma of almost all type 1 diabetic patients with DN and also in about one-third of microalbuminuric patients, but only in a small minority of normoalbuminuric patients. Plasma CTGF-N levels of patients with DN as a group differed significantly from those of normoalbuminuric patients and healthy control subjects. Due to very wide scatter, levels in microalbuminuric patients were not significantly different from those in healthy control subjects or normoalbuminuric patients and also not significantly different from levels in patients with DN. Since there was a difference in age between healthy control subjects and microalbuminuric and DN diabetic patients, we also measured plasma CTGF-N in an additional group of 20 healthy subjects whose mean age (42 Ϯ 8 years) was comparable with that of the studied microalbuminuric and DN diabetic patients. In this additional control group, we found a mean plasma CTGF-N level of 120 Ϯ 72 pmol/l, which is in the same range as the plasma CTGF-N levels in the other healthy control group and the normoalbuminuric diabetic patient group. It was not possible to include these additional 20 control subjects in the study because other parameters were not determined in these individuals.
Elevated plasma CTGF in diabetic nephropathy
The apparent discrepancy with the similarly elevated kidney mRNA levels in all five microalbuminuric patients and six patients with DN reported by Adler et al. (23) might indicate that plasma CTGF level is not solely determined by renal CTGF expression. Moreover, microalbuminuric patients are heterogeneous with respect to progression. A recent metaanalysis by Caramori et al. (24) revealed a 30 -45% risk of progression of microalbuminuria to proteinuria over 10 years compared with 30% remission to a normoalbuminuric state and stabilization of microalbuminuria in the remaining patients. In this respect, it is of interest that our microalbuminuric group showed a remarkable interindividual variation in plasma CTGF-N levels, with significantly elevated levels in 4 of 12 microalbuminuric patients. Obviously, it will be important to obtain follow-up data of these and other microalbuminuric diabetic patients to investigate whether high plasma CTGF-N levels might predict progression of microalbuminuria to DN.
The major finding in forward stepwise regression analysis was that plasma CTGF-N levels were associated with albuminuria, creatinine clearance, and duration of diabetes. The strongest correlation was found with albuminuria, one of the main characteristics of DN, and a negative but almost equally strong correlation was found with creatinine clearance. Identical results were obtained when the MDRD (modification of diet in renal disease) formula and Cockcroft-Gault calculations were used as estimates of glomerular filtration rate instead of creatinine clearance. CTGF (36 -38 kDa), and even more its fragments (ϳ10 -20 kDa), can be expected to pass the glomerular filter into the primary urine, although dimerization and other protein interactions might prevent filtration in normal glomeruli. In DN, proteinuria is accompanied by a progressive decline of glomerular filtration. Therefore, elevated plasma CTGF-N levels in patients with DN might (at least in part) reflect loss of renal clearance. In conjunction with albuminuria and creatinine clearance, duration of diabetes was identified as a third factor that significantly contributed to plasma CTGF-N levels. No colinearity between albuminuria, creatinine clearance, and duration of diabetes was observed, which indicates that in this analysis these three parameters can be considered as independent factors. Nevertheless, a certain degree of interdependence might be assumed because DN tends to develop about 10 -15 years after the onset of type 1 diabetes, starting with microalbuminuria, followed by proteinuria and later progressive loss of renal function.
Although CTGF has originally been cloned from endothelial cells and atherosclerotic aorta (7, 8) , markers for endothelial or platelet activation (vWF and ␤-thromboglobulin) did not contribute to prediction of plasma CTGF-N levels. Plasma CTGF-N levels were significantly elevated in the group of diabetic patients with retinopathy compared with patients without retinopathy, but patients with retinopathy who had no signs of renal complications did not have elevated plasma CTGF-N levels. Therefore, the elevated plasma CTGF-N levels in the group of retinopathy patients are likely due to associated nephropathy rather than to the retinopathy itself. However, this does not necessarily mean that CTGF is more important in nephropathy than in retinopathy. In retinal endothelial cells and in pericytes, CTGF is induced by vascular endothelial growth factor (25) . We have observed altered CTGF distribution in retinas of diabetic patients with increased positivity of pericytes, which might relate to capillary basement membrane thickening characteristic of diabetic retinopathy (E. Kuiper, R.O.S., R.G., unpublished results). Based on the size and perfusion of the organs, however, local production of CTGF in the kidney can be expected to contribute more to plasma levels than local production in the retina. The observed correlation of plasma CTGF levels with markers for nephropathy raises questions as to the relevance of known determinants of the development of chronic diabetes complications to regulation of CTGF expression. It is known that CTGF and its major inducer, TGF-␤, can be both induced by elevated levels of glucose and AGEs (9, 14) and that strict glycemic control is important in the prevention of development and progression of diabetes complications (2) . Therefore, a correlation might be expected between CTGF, TGF-␤1, and HbA 1c levels in diabetic plasma. In our study, we indeed found a correlation between plasma CTGF-N and TGF-␤1 (r ϭ 0.671, P Յ 0.001) and weaker correlations between CTGF and HbA 1c (r ϭ 0.355, P ϭ 0.005) and between TGF-␤1 and HbA 1c (r ϭ 0.477, P ϭ 0.029). The latter is in agreement with previous observations (5) in a much larger population of diabetic subjects. Forward stepwise regression analysis, however, revealed no significant addition of HbA 1c to the prediction of plasma CTGF-N levels from albuminuria, creatinine clearance, and duration of dia- betes. This suggests that, as is known for the development of diabetes complications, CTGF expression might be determined largely by factors other than glycemic control alone. Given its biological activity in terms of fibrosis and matrix accumulation, it is possible that CTGF is not only a marker, but also a pathogenic factor in the development of DN and other complications. CTGF is involved in the induction of the expression of ECM components by highglucose concentrations in renal mesangial cells and fibroblasts in vitro (12, 26) . Under diabetic conditions, TGF-␤ and IGF-1 are upregulated, while bone morphogenetic protein (BMP) is downregulated (3, 27) . Both inhibition of TGF-␤ and supplementation of BMP-7 protect against (progression of) experimental DN (28, 29) . CTGF can bind TGF-␤, BMPs, and IGF-1 and is also able to influence their activity. It enhances IGF-1-induced secretion of collagens I and III, and it increases the profibrotic activity of TGF-␤ while inhibiting BMP activity (26, 30, 31) . Thus, CTGF, induced by hyperglycemia, AGEs, or other pathways, might have an important impact on tissue remodeling and fibrosis by its contribution to the diabetes-related growth factor imbalance. Given the impressive elevation of urinary CTGF excretion in DN, it is possible that the nephropathy-associated increase of plasma CTGF reflects, at least in part, increased renal production in addition to the expected effect of reduced renal clearance (13) . In this way, plasma CTGF might be involved in nephropathyassociated aggravation of systemic (and particularly cardiovascular) complications of diabetes.
In summary, we have observed that in patients with type 1 diabetes, elevated plasma CTGF-N levels were associated with DN and correlated with level of albuminuria, impairment of creatinine clearance, and poor glycemic control. Longitudinal studies will be needed to further investigate the possible clinical value of CTGF detection as a marker for incipient or progressive diabetes complications and, in particular, DN. To assess the possible importance of increased CTGF levels for development and progression of these disorders, animal studies will be required in which CTGF expression and activity is manipulated against a background of diabetes.
